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Summary 21 
The present work investigates environmental effects on the growth of fungal colonies of P. 22 
vitreus by using a lattice-free discrete modelling approach called FGM (Fuhr & Schubert, 23 
2010, arXiv:1101.1747), in which hyphae and nutrients are considered as discrete structures. 24 
2  
A discrete modelling approach allows studying the underlying mechanistic rule concerning 25 
the basic architecture and dynamic of fungal networks on the scale of a single colony. By 26 
comparing simulations of the FGM to laboratory experiments of growing fungal colonies on 27 
malt extract agar we show that combined effect of temperature, pH and water activity on the 28 
radial growth rate fungal colony on a macroscopic scale may be explained by a power law for 29 
the growth costs of hyphal expansion on a microscopic scale. The information about the 30 
response of the fungal mycelium on a microscopic scale to environmental conditions is 31 
essential to simulate its behavior in complex structure substrates such as wood, where the 32 
impact of the fungus to the wood (i.e. the degradation of bordered pits or the creation of bore 33 
holes and cavities) changes the local environmental condition, e.g. the permeability of the 34 
substrate and therefore the water activity level in a colonized pore. A combination of 35 
diffusion processes of moisture into wood with the FGM may brighten the knowledge about 36 
the colonization strategy of P. vitreus and helps to optimize its growth behavior for 37 
biotechnological application such as bioincising. 38 
 39 
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1 Introduction 42 
Microorganisms such as wood-decay fungi regulate their metabolism as respond to changing 43 
environmental conditions. Environmental factors thereby highly influenced the growth 44 
behavior and development of fungal mycelium in wood (Rayner and Boddy, 1988). Schubert 45 
et al. (2010) showed that the water activity, temperature and pH are the key factors for the 46 
growth behavior of the wood-decay fungi Physisporinus vitreus and Neolentinus lepideus. 47 
The knowledge about the influence of these abiotic factors to the microorganisms is of 48 
relevance for biotechnological applications of these wood-decay fungi in bioremediation 49 
(Majcherczyk and Hüttermann, 1998; Messner et al., 2002) or bioincising (Lehringer et al., 50 
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2009; Schubert and Schwarze, 2009) as well as for the morphogenesis of filamentous fungi in 51 
general. 52 
The biotechnological process of bioincising is a method for enhancing the 53 
permeability of refractory wood by using wood-decay fungi such as P. vitreus in order to 54 
improve the liquid uptake (e.g. wood-modification agents or resins). The degradation of the 55 
bordered pits, which are valve-like connections between the wood pores and closed in 56 
Norway spruce heartwood, provides P. vitreus as a suitable agent for bioincising in its first 57 
stage of growth (Schwarze and Landmesser, 2000; Schwarze et al., 2006). In this growth 58 
phase the wood colonization process is accompanied only by slight mass losses and without 59 
reducing significantly the strength of the wood (Schwarze et al., 2006). The uptake of wood 60 
modification agents can be increased by a factor of 5 depending on the incubation conditions 61 
as shown by (Schubert and Schwarze, 2009). The clustered growth pattern of the fungus and 62 
its simultaneous growth pattern reported by (Lehringer et al., 2010) observe that the 63 
degradation of the pit membranes occurred simultaneously with an attack of the cell wall (i.e. 64 
bore holes, cavities and notches). The occurrence of such negative side effects may depend on 65 
influencing factors such as nutrient supply and moisture content of the substrate(Lehringer et 66 
al., 2010). Therefore the knowledge about the response of the fungus to combined 67 
environmental factors is of significance for the biotechnological applications since the 68 
optimal growth behavior (i.e. uniformity of wood colonization) is important for upscaling the 69 
bioincising process. Mathematical models in combination with laboratory experiments can 70 
illuminate the growth behavior of the fungus and may provide an optimization of 71 
biotechnological processes under defined conditions. 72 
In order to model the response of a single fungal colony on combined effects of 73 
environmental factors semi-empirical models based on ordinary differential equations are 74 
widely used (Davidson, 2007; Skinner et al., 1994). The response surface (RS) methodology 75 
was successfully applied to model the growth of ascomycetes (Begoude et al., 2007; Panagou 76 
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et al., 2003; Schubert et al., 2010; Schubert et al., 2009) as well as basidiomycete (Schubert et 77 
al.). Compared to RS radial basis function (RBF) neural network models, which are based on 78 
artificial neural networks, show a better performance to predict specific growth rate in relation 79 
to environmental factors (Panagou et al., 2007). By using RBF neural network Schubert et al. 80 
(2010) found that the growth of the fungi P. vitreus mainly depends on the water activity 81 
(0.950 – 0.998) and temperature (10-30 °C), while the pH (4-6) affects the growth rate to a 82 
lesser extent. Despite their success the class of models mentioned above is not able to explain 83 
the underlying mechanistic rules concerning the basic architecture and dynamic of fungal 84 
networks on the scale of a single colony. In particular, recent developments of discrete 85 
modelling approaches, in which hyphae are considered as discrete structures, successfully 86 
simulate fungal growth in heterogeneous (Boswell, 2008; Boswell et al., 2007) or even 87 
complex physically and chemically structured wood-like environments (Fuhr et al., 2010). 88 
The present work investigates environmental effects on the growth of fungal colonies 89 
of P. vitreus by using a lattice-free discrete modelling approach, in which hyphae and 90 
nutrients are considered as discrete structures. Discrete models of fungal growth have been 91 
developed by many authors in the past (Bell, 1986; Cohen, 1967; Ermentrout and Edelstein-92 
Keshet, 1993; Hutchinson et al., 1980; Kotov and Reshetnikov, 1990; Regalado et al., 1996). 93 
A review of discrete models is given by Boswell & Hopkins (Boswell and Hopkins, 2009). 94 
This class of models is not a substitution for classic modelling approaches such as RS or RBF, 95 
but rather a complement to investigate further aspects of hyphal growth on the single colony 96 
scale. 97 
 98 
2 Materials and methods 99 
2.1. Hyphal growth model 100 
In order to analyze the growth of filamentous fungi in homogeneous environment, e.g. the 101 
growth of fungi on malt extract agar (MEA), we use a two-dimensional implementation of the 102 
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hyphal growth model introduced by Fuhr et al. (2010). This hyphal growth model is a lattice-103 
free discrete modelling approach for simulating fungal growth in physically and chemically 104 
complex structured environment. 105 
The model considers the mycelium as an assemblage of nodes, edges and tips. The 106 
substrate is formed of point-like nutrient sources. The nodes are connected by edges and form 107 
the mycelium, whereby the nodes of the mycelium are restricted to the position of the nutrient 108 
points as shown in Fig. 1a. The evolution of the mycelium is driven by key processes, such as 109 
polarization, uptake- and concentration of nutrients, and transport of nutrients, determining 110 
the morphology of the fungal colony (see Fig. 1b). Details about the model description can be 111 
found in Fuhr et al. (2010). 112 
In order to model fungal growth on a two-dimensional surface, i.e. the expansion of a 113 
colony on MEA, the substrate consists of Poisson distributed nutrient points with ν initial 114 
amount of nutrients. Therefore the probability P to find k nutrient points at a specific interval 115 
is given by 116 
𝑃(𝑘) = 𝜔𝑘
𝑘! 𝑒𝜔, (1) 
where ω > 0 is a scale parameter of the distribution. 117 
The simulation starts by placing nk0 starting nodes, called pellets, with an initial 118 
nutrient concentration nn0 on a circle with diameter nd0 millimeter in the centre of a two-119 
dimensional surface of size L × L. The initial nodes have tips with an orientation normal to 120 
the circle’s surface. At every iteration step m of the algorithm the mycelium is extended by 121 
one edge of length li at node (i) if its nutrient concentration fi(m) is larger than the growth costs 122 
Ω𝑖
(𝑚). We assume that the growth costs of the fungus, which may be interpreted as the energy 123 
consumption of the metabolic activity of the fungus, increase with lower values of the water 124 
activity since the water activity is a measure for the available amount of water for an 125 
organism in its environment, e.g. the growth of fungus P. vitreus is inhibited below aw = 126 
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0.966 (Schubert et al., 2010). Dependent on the water activity level Schubert (Schubert et al., 127 
2010) observed a maximal growth rate of the fungus at about 25°C. Below or above this 128 
optimum growth temperature the fungal colony expands at a lower rate, i.e. the growth costs 129 
are higher. The growth costs may be given by 130 
Ω𝑖
(𝑚) = �𝑎 ∙ 𝑙𝑖(𝑚)
𝜉
�
𝑏
∙ 𝜐, (2) 
where a and b are unknown factors depend of the water activity and the temperature 131 
respectively. ξ is the growth cut-off length (Fuhr et al., 2010). The scaling behavior of the 132 
unknown factors can be estimated by comparing the simulation with laboratory experiments. 133 
 134 
2.2 Experimental design 135 
In order to calibrate and verify the hyphal growth model we use light microscopy. The fungus 136 
was cultivated on a glass slide covered with MEA. The experiments were performed with a 137 
Zeiss 200M (10× 0.5NA Fluar objective) widefield microscopy (WFM) at room temperature 138 
and pH = 6. The growing colony was observed over a time span of 2.5 hours by taking single 139 
images of size 1024 × 1024 pixels (48 bit RGB color) with a resolution of approximately 0.78 140 
µm per pixel. A 3 x 4 grid of single images built a mosaic image with a total size of 2077 × 141 
4095 pixels. The stitching of the single images to a mosaic image was performed with the 142 
AxioVision software package. The mosaic images were taken with a camera (AxioCamMR3) 143 
at an interval of 15 minutes. We observe a radial growth rate of the fungal colony of about 2 144 
mm per day, which corresponds to a water activity level of the environment of approximately 145 
0.990 (Schubert et al., 2010). 146 
 147 
2.3 Measures of the fungal colony 148 
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Filamentous fungi form a fractal, tree-like structure termed mycelium in order to explore their 149 
environment. By considering the mycelium as a network common network measures can be 150 
applied to study fungal colonies (Fricker et al., 2007). 151 
 152 
Radial growth rate 153 
The radial expansion of a fungal colony is often used as a measure for the metabolic activity 154 
of the fungus. We define the radius R of a fungal colony starting form a circular inoculum as 155 
𝑅95 = min �𝑟:∑ 𝑙𝑖𝑁𝑘(𝑖)∀ (𝑑𝑖2<𝑟2)
∑ 𝑙𝑖
𝑁𝑘
𝑖=1
≥ 0.95�, (3) 
where Nk is the number of nodes, li is the total length of mycelium associated with node (i) 156 
and di is its distance from the centre of gravity of the inoculum. The radial growth rate Gr is 157 
given by Gr = dR95 / dt. 158 
 159 
Hyphal growth unit 160 
The hyphal growth unit (HGU) is the average length of hypha associated with each tip of 161 
mycelium. First postulated by Plomley (1958), the HGU is defined as 162 
𝐻𝐺𝑈 = ∑ 𝑙𝑖𝑁𝑘𝑖=1
𝑁𝑡
, (3) 
where Nt is the number of active tips of the mycelium. The HGU depends on the 163 
environmental condition and is constant during unrestricted growth of the mycelium 164 
(Plomley, 1958; Trinci, 1974). 165 
 166 
3 Results and discussion 167 
The combined abiotic factors temperature, pH and water activity significantly influence the 168 
growth behavior and development of the wood-decay fungus P. vitreus as shown in Schubert 169 
et al. (2010). In order to investigate and discuss the underlying mechanism determining the 170 
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growth behavior of the fungus we calibrate the FGM in a first step (Sec. 3.1) by comparing 171 
the microscopic growth pattern of the colony in vitro and in silico. The obtained parameter set 172 
can be use to estimate the parameters a and b of Eq. 2 by comparing the simulation with the 173 
laboratory experiments of Schubert et al. (2010) in Sec. 3.2. The knowledge about the scaling 174 
behavior of these parameters may be useful to simulate the growing fungus in complex 175 
structure environments such as wood, where the activity of the fungus (i.e. the degradation of 176 
bordered pits or the creation of bore holes and cavities) changes the local environmental 177 
conditions, e.g. the water activity level in a pore. 178 
 179 
3.1 Growth pattern 180 
Fig. 2a shows the growth front of P. vitreus measured with WFM and Fig. 2b the 181 
corresponding simulation by using the parameter set given in Tab. 1. The growth fronts of the 182 
colonies expand at room temperature with about Gr = 2 millimeters per day, which 183 
corresponds to a water activity level of aw = 0.990. We measure the hyphal length of the 184 
mycelium, the number of active tips and the HGU of the colony front over a time span of 150 185 
minutes within the box in Fig. 2. The results are presented in Tab. 2. We consider only the 186 
front of the colony because of the identification of the active tips in the core region of the 187 
fungal colony is difficult due to many overlapping layers of mycelium. 188 
We observe that hyphae on the colony front growth much faster, than hyphae in the 189 
older part of the mycelium. The ratio of the velocities between these classes of hyphae is 190 
about 5/1. This effect is considered in the FGM by a lack of nutrients in core of the colony. 191 
However, the FGM does not consider an inhibitor, which restricts the growth of the hyphae in 192 
the core of the colony. 193 
The automated identification of the hyphae measured with WFM is difficult and based 194 
on present data especially in the core region of the mycelium not possible. A fluorescent fungi 195 
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can help to improve the contrast of the images and may an automated segmentation is 196 
possible. 197 
 198 
3.2 Radial growth rate 199 
Fig. 3 shows the radial growth rate measured at different temperatures and evaluated for four 200 
sets of water activity levels, i.e. the water activity levels are 0.998 (circle), 0.990 (triangle), 201 
0.982 (square), 0.974 (diamond) and 0.970 (star). The solid lines with the empty symbols are 202 
the corresponding simulation of the FGM by fitting the model parameters a and b to the water 203 
activity aw and temperature T respectively. We use a = {0, 0.2, 1, 1.8, 6.4} for the water 204 
activities levels of aw = {1, 0.998, 0.990, 0.982, 0.974} and for the parameter b in the interval 205 
[0, 4] the scaling law 𝑏(𝑇) = 9 + 5 ∙ 𝑇. Therefore we can estimate the model parameters a as 206 
function of the water activity aw as shown in Fig. 5 by 207 
𝑎(𝑎𝑤) = 0.1985 ∙ �𝑒134.5∙(1−𝑎𝑤) − 1�. (4) 
The model parameter a increases exponentially with decreasing water activity levels, while 208 
the parameter b depends linearly on the temperature. 209 
The model shows, that the radial growth rate increases for higher water activity levels 210 
and decreases with lower temperature. For a = 0 the growth costs of the fungus vanish and we 211 
observe the maximal growth rate of 4.5 millimeters per day. Above approximately a = 6.4 212 
there is no growth observable within one day, since the growth costs even for small hyphal 213 
lengths (i.e.𝑙𝑖
(𝑚)
𝜉
 ~ 0.16) are higher than the available nutrients at a nutrient point.  Between 10 214 
and 25°C the model show a good agreement with quantitative (Fig. 3) and qualitative 215 
laboratory experiments (Figs. 2 and 4). Above 25°C the radial growth rate of the mycelium 216 
decreases and hyphal growth may be affected by heat shock proteins (Sienkiewicz et al., 217 
1997). The effect of such proteins is not incorporated in our model. 218 
 219 
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4 Conclusion 220 
We analyze the combined effect of temperature, pH and water activity on the radial growth 221 
rate of Physisporinus vitreus in a homogeneous environment by using a two-dimensional 222 
hyphal growth model considering hyphae and nutrients as discrete structures. The simulations 223 
show a good qualitative and quantitative agreement with experimental results. 224 
We found that combined effect of temperature, pH and water activity on the radial 225 
growth rate fungal colony may be explained by growth costs for hyphal expansion on a 226 
microscopic scale described by the power law of Eq. 2. The presented model is limited to a 227 
temperature range between 5 and 25 °C and a water activity between 0.970 and 1. Above 228 
25°C the radial growth rate of the mycelium decreases and hyphal growth may be affected by 229 
heat shock proteins. The effect of such proteins is not incorporated in our model. 230 
Our results are of significance for biotechnological applications of P. vitreus in 231 
processes such as bioincising (Schubert and Schwarze, 2009) as well as for the study of 232 
filamentous fungi in general. For the process of bioincising, which is a biotechnological 233 
approach to improve the uptake of wood-modification substances by harnessing the selective 234 
degradation pattern of P. vitreus, the knowledge about the response of the fungus to combined 235 
abiotic factors is important for successfully designing an optimal incubation procedure. 236 
Therefore future studies will focus on modelling the growth of P. vitreus in heterogeneous 237 
and physically structured two-dimensional wood-like environments. 238 
 239 
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Figure captions 326 
Figure 1: Fungal growth model. (a) The fungal growth model (FGM) considers hyphae and 327 
nutrients as discrete objects. Hyphae are root-like branching structures of the filamentous 328 
fungus and represented in the model by edges and nodes. (b) Starting from initial nodes the 329 
growth of the fungal colony is determined by key processes such as polarization, branching, 330 
uptake and concentration of nutrients and transport. Details about the model construction can 331 
be found in (Fuhr et al., 2010). 332 
Figure 2: Model calibration. In order to calibrate the FGM we compare the simulation to 333 
laboratory experiments of P. vitreus cultivated on MEA and observed over 150 minutes by 334 
using WFM. The qualitative comparison of the growth front (a) in vitro and (b) in silico by 335 
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using the FGM with the parameter set given in Tab. 1 shows a good agreement. Quantitative 336 
comparisons of total hyphal length of the mycelium, the number of active tips and the HGU 337 
within the box are given in Tab. 2. 338 
Figure 3: Effect of environment. Response of the fungus to different sets of water activity 339 
levels and temperatures at pH 5. The filled symbols are the laboratory experiments 340 
of(Schubert et al., 2010), i.e. the water activity levels are 0.998 (circle), 0.990 (triangle), 341 
0.982 (square), 0.974 (diamond) and 0.970 (star). The solid lines with the empty symbols are 342 
the corresponding simulation of the FGM by using a = [0.0, 0.2, 1.0, 1.8, 6.4] and values of b 343 
in the interval [0.2, 4.0]. Each solid line represents the average over 10 realizations and the 344 
uncertainty of the data points is within the range of the symbols. 345 
Figure 4: Growth pattern. (a) Morphologies of P. vitreus at water activity levels of 0.982, 346 
0.990 and 0.999 from the left to the right at T = 20°C and pH = 6. (b) The corresponding 347 
simulations show the fungal colony after approximately 24 hours of growth using a = (0, 1, 348 
1.8) and b = 2. 349 
Figure 5: Parameter estimation. The model parameter a increases exponentially with 350 
decreasing water activity levels. 351 
 352 
Table caption 353 
Table 1: Typical model parameters used throughout this work. We use the same notation as in 354 
(Fuhr et al., 2010). 355 
Table 2: Quantitative comparison of the experiment and the FGM shown in Fig. 2. The 356 
evolution of the mycelium is measured in vivo over a time span of 150 minutes at a 357 
temperature of approximately 20 °C, pH = 6 and a water activity of 0.990. This experimental 358 
condition corresponds to the FGM by using the parameters in Tab. 1. 359 
 360 
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Substrate:    
Box size L × L L 90 mm 
Number of nutrient point Np 1.6 * 10^7 - 
Poissonian distribution 
(interval = 2*ξ) 
ω 2733 - 
    
Fungus:    
Mean hyphal growth rate µ 2.6 mm/d 
Mean edge length λ 2/3*ξ mm 
Growth cut-off length ξ 10 mm 
Growth cut-off angle θ 0.44 ° 
Growth costs (Eq. 2) [a,b] [1, 1.5] - 
Pit inital nutrient ν 4*10-13 mol 
Pit initial degradation rate αI ν/20 mol 
Pit degradation rate αC 0.45*ν mol/d 
Apical branching threshold βt 0.6*ν mol 
Lateral branching threshold βs 0.35*ν mol 
    
Simulation:    
Initial number of pellet nk0 200 - 
Initial number of tips ns0 1 - 
Initial nutrient concentration nn0 3/2*βt mol 
 
Table 1 
 
 Symbol [unit] Experiment Model 
    
Total hyphal length of 
mycelium 
Lm [mm] 90  96 
Number of active tips Nt [-] 210 (± 50) 230 
Hyphal growth unit HGU = Lm / Nt 
[µm] 
428 (± 90) 417 
Radial growth rate GR [mm/d] 2 2.05 
 
Table 2 
